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As the closest unicellular relatives of animals, choanoflagellates serve as useful model organisms
for understanding the evolution of animal multicellularity. An important factor in animal evolution
was the increasing ocean oxygen levels in the Precambrian, which are thought to have influenced
the emergence of complex multicellular life. As a first step in addressing these conditions, we study
here the response of the colony-forming choanoflagellate Salpingoeca rosetta to oxygen gradients.
Using a microfluidic device that allows spatio-temporal variations in oxygen concentrations, we
report the discovery that S. rosetta display positive aerotaxis. Analysis of the spatial population
distributions provides evidence for logarithmic sensing of oxygen, which enhances sensing in low
oxygen neighborhoods. Analysis of search strategy models on the experimental colony trajectories
finds that choanoflagellate aerotaxis is consistent with stochastic navigation, the statistics of which
are captured using an effective continuous version based on classical run-and-tumble chemotaxis.
INTRODUCTION
Taxis, the physical migration towards preferred or
away from undesired conditions, is a feature shared by
virtually all motile organisms. Taxis comes in many
forms, and in common is an underlying field of attrac-
tant (or repellent) and an ability to react and navigate
along gradients of this field. For example, bacteria do
chemotaxis towards nutrients [1, 2] and away from toxins
[3]. Algae do phototaxis towards light [4, 5] and gyrotaxis
along gravitational potentials [6]. Chemotaxis provides
a mechanism for the recognition and attraction of ga-
metes [7] and for complex behavioural patterns such as in
the slime mould Dictyostelium discoideum, where cAMP-
driven chemotaxis is a critical part of the formation of the
multicellular stage of the life cycle [8]. Aerotaxis, defined
as oxygen-dependent migration, is well-characterized in
bacteria [9], but is poorly studied in more complex or-
ganisms. This is despite the essentiality of oxygen for
all aerobic life, and the important role that Precambrian
oxygen levels played in the emergence and evolution of
multicellular animal life [10].
One group of aquatic heterotrophic protists, the
choanoflagellates, are of particular interest for the study
of how multicellularity evolved. Choanoflagellates are
a class of unicellular microorganisms that are the clos-
est relatives of the animals [11]. This relationship was
first proposed by James-Clark in 1866 [12], on the ba-
sis of the resemblance between choanoflagellates and
the choanocytes of sponges. The sister relationship be-
tween choanoflagellates and animals was further con-
firmed in the genomic era by molecular evidence [13].
All choanoflagellates share the same basic unicell struc-
ture: a prolate cell body with a single beating flagellum
that is surrounded by a collar of microvilli. The beat-
ing of the flagellum creates a current in the surrounding
fluid that guides suspended prey such as bacteria through
the collar [14] where they can be caught and ultimately
phagocytosed. The flagellar current also has the effect of
causing the choanoflagellate cell to swim.
The choanoflagellate Salpingoeca rosetta can form
colonies through incomplete cytokinesis [15]. In the pres-
ence of certain bacteria [16, 17], these colonies have an
eponymous rosette-like shape as shown in Fig. 1. The
colony morphology is variable, and the constituent flag-
ella beat independently of one another [18]. The random
and independent flagellar motion argues against there be-
ing any coordination between cells in a colony, and as
yet no evidence of any form of taxis for choanoflagellate
colonies has been reported.
The geometry, cellular independence and lack of taxis
observed in S. rosetta colonies contrast with other lin-
eages, such as the Volvocales, a group of green algae
[19]. Phototaxis is clearly observable in both unicellular
(Chlamydomonas) [4] and colonial (Volvox ) [5] species,
in order to maintain optimum light levels for photo-
synthesis. Volvocalean phototaxis is deterministic, re-
quiring precise tuning between the internal biochemical
timescales and the rotation period of the organism as a
FIG. 1. Micrograph of S. rosetta colonies (left) with schematic
illustration (right, collars in blue). Scale bar: 50 µm. Cell
body diameters are ∼ 5µm.
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2whole. Although S. rosetta colonies also rotate around
an internal axis, due to the variable colony morphology
and the independent beating of the individual flagella,
this rotation rate will itself be random [18], rendering a
strategy similar to that of the Volvocales unlikely in S.
rosetta.
An alternative strategy is stochastic taxis, sometimes
referred to kinesis. The classic example of stochastic
taxis is the run-and-tumble chemotaxis of certain peritri-
chous bacteria [2]. By spinning their left-handed helical
flagella in different directions, such bacteria can alter-
nate between swimming in straight lines (running) and
randomly reorienting themselves (tumbling). Through
biasing tumbles to be less frequent when going up the
gradient, the bacteria exhibit biased motion towards a
chemoattractant without directly steering towards it [2].
Here, we study S. rosetta and show that it exhibits
aerotaxis, i.e. navigation along gradients of oxygen. We
further examine and statistically analyze aerotaxis of S.
rosetta colonies under spatio-temporal variations of oxy-
gen at the level of total colony populations and at the
level of the trajectories of individual colonies, and relate
the two through mathematical analysis of a generalized
Keller-Segel model [20] and their demonstrate the inter-
nal consistency. From this analysis we establish two key
features of the aerotactic response of choanoflagellates:
they employ a stochastic taxis search strategy and the
sensing of oxygen concentration gradients is logarithmic.
RESULTS
Experimental Set-up
The study of aerotaxis in bacteria has led to numerous
methods for creating spatial oxygen gradients [9, 21–23],
one of which is the exploitation of soft lithography tech-
niques [24, 25]. Since PDMS, the most commonly used
material for microfluidic chambers, is permeable to gases,
gas channels can be introduced in the devices to allow
gaseous species to diffuse into the fluid. For example, an
oxygen gradient can be created using a source channel
flowing with normal air and a sink channel flowing with
pure nitrogen.
Our device, shown schematically in Fig. 2, is a mod-
ified version of that used by Adler, et al. [24]. Viewed
from above, the sample channel (yellow) consists of a
wide observation chamber with thin inlet and outlet
channels. The outlet leads to a serpentine channel that
hinders bulk fluid flows. On each side of the sample chan-
nel are gas channels, the inlets of which are connected to
a valve system allowing for the flow of air (20% oxygen)
and nitrogen. The flow of air and nitrogen can be con-
ducted in any combination and configuration, e.g. oxy-
gen in one channel and nitrogen in the other, and can
be easily swapped over. The PDMS chamber is plasma
10 mm
FIG. 2. Microfluidic device. (a) Top view of the microfluidic
device. The sample channel (yellow) is loaded with culture
and observed in the middle chamber. The side channels (red,
blue) are gas channels in which oxygen and nitrogen may be
flown. Scale bar: 10 mm. (b) Side view of the device. PDMS
is plasma etched to a glass slide, and a cover slip is plasma
etched on top, centered on the imaging chamber, also shown
in (a). Thickness of the channels are ≈ 115µm.
etched to a glass slide, and an extra glass slide is etched
on top of the device, preventing air from diffusing in from
the surrounding environment.
Experiments were carried out immediately after
plasma etching as the permeability of gases slowly de-
creases thereafter. Cultures of S. rosetta were introduced
at the inlet of the device, and both the inlet and outlet
were then closed to prevent evaporative flows. A gradi-
ent of oxygen was set up by having air flowing in one of
the side channels and nitrogen in the other.
Aerotaxis in Choanoflagellates
Our main experimental result, shown in Figs. 3a,b,
is the observation that S. rosetta colonies accumulate at
the oxygen-rich side and away from the oxygen-poor side,
i.e. that they are aerotactic.
This result has two main implications for choanoflag-
ellates: first, they must have an oxygen-sensing mecha-
nism. Given their evolutionary proximity to animals in
the tree of life, an interesting question is naturally the
similarity to the oxygen-sensing mechanism of animals.
Secondly, choanoflagellates must have a mechanism to
bias their swimming in order to swim towards oxygen-rich
neighborhoods. We also found aerotaxis in the unicellu-
lar fast swimmer form [16] of S. rosetta (see SI), showing
that this is not an exclusive phenomenon to colonies.
With the present microfluidic device we can explore
more details of choanoflagellate aerotaxis by dynamically
changing the oxygen boundary conditions, for instance by
flipping the gradient direction or by removing all oxygen
influx after a uniform distribution has been reached. Fig.
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FIG. 3. Aerotaxis of S. rosetta colonies. (a-b) Micrographs near an oxygen-rich wall at twice the resolution of that used in
the density experiments. Scale bar: 50 µm (a) Colonies approach a wall where the oxygen-concentration is high. (b) Colonies
staying near this wall. (c) Density evolution of S. rosetta during experiment. At each time step the distribution is normalized
to a probability distribution [colorbar units in µm−1]. Colors on the side indicate what gas is flowing in that side channel, red
for oxygen and blue for nitrogen. Ncolonies ∼ 150, concentration ∼ 5 · 106 mL−1. (d) Keller-Segel model with log-concentration
input given by Eq. (4), D = 865µm2/s, α = 1850µm, vdrift = 5.2µm/s.
3c shows the result of such a dynamic experiment over
the course of ∼ 3.5 hours. The density is normalized for
each frame resulting in some noise due to missing colonies
in the tracking. Many repetitions of the experiment show
that the behavior in Fig. 3c is highly repeatable and ro-
FIG. 4. Video 1. Experimental videos of aerotaxis (top) and
oxygen gas simulation (bottom) [as in Fig. 5]. Experimental
videos are colored by the output of the gas simulation. Video
1: Colonies migrating from one side to other after a swap
of nitrogen and air [138 – 148 min. in experiment of Fig. 3].
Video 2: Colonies migrating from the middle to the sides after
a change from nitrogen only in the two gas channels to air only
[45 – 55 min. in experiment of Fig. 3]. (”Video 1 swap.avi”
and ”Video 2 stay.avi”).
bust to changes in the details of the cycling protocol (See
Fig. 3 Supplement). For consistency the figures in the
main text are based on this specific protocol. Whenever
one gas channel contains oxygen and the other nitrogen,
the colonies swim towards the oxygen-rich side as further
shown in Video 1 of Fig. 4. In the time after a gas chan-
nel swap, the slope of the maximum density reveals the
ensemble drift velocity vdrift. When there is oxygen in
both gas channels, we observe that the density reaches
an approximately uniform distribution within the time
frame of the experiment. For periods in which nitrogen
flows in both channels, this is not the case. Under these
experimental conditions, the colonies accumulate in the
middle of the chamber, where there is still some resid-
ual oxygen, as further shown in Video 2 of Fig. 4. The
fact that in this nitrogen-only configuration the colonies
accumulate mid-chamber shows that accumulation does
not depend on the presence of a nearby surface. With
only nitrogen flowing, eventually there will be no oxygen
gradient. Nonetheless, we observed the colonies to stay
in the middle of chamber even after 90 minutes (see Fig.
3 Supplement). At that time, the highest oxygen levels
are estimated by the diffusion equation to be less than
∼ 0.2 %. This contrasting behavior between the oxygen-
only and nitrogen-only configurations suggests an asym-
metry in the aerotactic response, the nature of which can
be made precise by studying the population dynamics.
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FIG. 5. Simulation of oxygen concentration in microfluidic device. (a) Simulation of 2D slice of the device. Snapshot shows
t = 110 min., ∼ 1.5 min. after the swap. (b) Evolution of oxygen concentration at z = 100µm (c) Simulation at y = −250µm.
Oxygen percentage in red (left axis), and spatial gradient in purple normalized to fit in [−1, 1] (right axis), response function
tanh(α∇c(x, t)/c(x, t)) in green (right axis).
Population Dynamics
The spatio-temporal evolution of the choanoflagellate
colony population within the observation chamber is
studied here with the Keller-Segel model [20], which has
broad applicability for taxis [26]. In describing the phe-
nomenon of aerotaxis the two quantities of interest are
the colony population density ρ(x, t), and the oxygen
concentration c(x, t). These evolve according to the cou-
pled equations
∂ρ
∂t
= D∇2ρ−∇ · (F [c] ρ) (1)
and
∂c
∂t
=∇ · (Dc∇c) . (2)
Here D and Dc(x) are the colony and oxygen diffu-
sion constants, the latter of which varies with position
inside the microfluidic device, with values Dc,PDMS =
3.55 × 10−3 mm2/s in PDMS [27] and Dc,water = 2.10 ×
10−3 mm2/s in water [28]. The functional F specifies the
population drift velocity’s dependency on the local oxy-
gen concentration. In a fixed, linear gradient one would
have F = vdrift.
Using in-house software, we solve Eq. (2) on a cross-
section of the microfluidic device with time dependent
boundary conditions corresponding to the experimental
protocols. Gas channels with oxygen flowing have the
condition c = 20 % (for theory the unit of oxygen is not
important and we find percentage to be the most intu-
itive measure). For channels with nitrogen flowing c = 0.
Glass interfaces have no-flux conditions nˆ·∇c = 0, where
nˆ is the surface normal.
A snapshot from the numerical studies is shown in Fig.
5a at a time following a swap of nitrogen and oxygen
channels, thus showing residual oxygen above the chan-
nels now filled with nitrogen and vice versa. The simu-
lation can now be evaluated at the position of the obser-
vation chamber. Note that the no-flux conditions at the
glass interface render the concentration gradients in the
z-direction very small, so the precise height of evaluation
is not significant. The simulation with boundary condi-
tions corresponding to those in the experiment of Fig.
3c is shown in Fig. 5b. To a very good approximation
the concentration field is constant along the x-direction.
Fig. 5c shows the oxygen field evaluated at y = −250µm
(red curve). Neglecting the consumption of oxygen by
the colonies, these results provide the input concentra-
tion field c for the Keller-Segel model.
The simplest and widely-used response functional in
the Keller-Segel model is linear in spatial gradients,
F [c](x, t) = β∇c(x, t), where β is termed the taxis coef-
ficient. Such a response can, however, reach unrealistic
drift velocities, i.e. higher than the swimming velocity, if
the oxygen gradients are large. This defect can be elimi-
nated by various functional forms [26], such as the choice
F [c] = vdrift tanh (α |∇c|) ∇c|∇c| , (3)
where vdrift must be smaller than the swimming veloc-
ity. This choice behaves linearly for small gradients,
but tends asymptotically to a maximum value for large
gradients. Most of the behavior of Fig. 3c can be ex-
plained by this model (See Fig. 3 Supplement), but not
the section where nitrogen is flowing in both side chan-
nels. The reason is the aforementioned asymmetry be-
tween the sensing-signalling in low versus high oxygen
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FIG. 6. Running mean velocity statistics, showing that the primary mechanism of aerotaxis is not by modulation of swimming
speed. Evolution of mean speed (green, right axis) and velocity in the x-direction (yellow, left axis) and y-direction (purple,
left axis), y being along the gradient of oxygen. Left and right axes have equal ranges. Side bars indicate gas flowing, oxygen
(red) or nitrogen (blue). The peaks of vy do not quite reach the true drift velocity due to smoothing of the curves. Inset shows
the speed as function of alignment with the gas gradient cˆ vy/v at times after a swap. cˆ = 1 if the gradient is up and = −1 if
down.
concentrations. Many biological sensors exhibit logarith-
mic sensitivity to gradients. This is the case for the hu-
man senses such as hearing and sight, described by the
Weber-Fechner law [29], and it is also found in certain
bacteria [30]. We propose that logarithmic sensing is a
natural explanation for the discussed asymmetry. To ex-
amine this hypothesis, we note that ∇ log c =∇c/c and
consider
F [c] = vdrift tanh
(
α
∣∣∣∣∇cc
∣∣∣∣) ∇c|∇c| . (4)
For unidirectional gradients (say, in the y-direction) this
expression reduces to F [c] = vdrift tanh(α cy/c) yˆ, where
cy = ∂c/∂y. Since the logarithmic sensing cannot be
maintained at infinitely small concentrations, there must
naturally be some lower cutoff to this expression in abso-
lute concentration levels. Nonetheless, from a modelling
perspective we can ignore this for the present experiments
with nitrogen-only sections lasting less than 1.5 hours as
discussed. Fig. 5c shows that the spatial oxygen gradient
cy (purple curve) compares to yˆ · F [c] of Eq. (4) (green
curve) at all times except in the nitrogen-only section,
where the log-response function does not decay towards
zero. A positive value of the response function means a
positive (y) drift velocity.
The Keller-Segel equation with log-sensing is able to
explain all sections of the experiment, as demonstrated
in Figure 3d. The parameters obtained from a numeri-
cal fit include the drift velocity vdrift = 5.2µm/s (which
should be compared to the ensemble average speed v =
16.5µm/s) and the diffusion constant D = 865µm2/s.
Using the ensemble-averaged speed, the diffusion con-
stant can be related to an effective rotational diffusion
constant Dr = v
2/2D = 0.16 s−1.
Navigation Strategy
The parameter vdrift represents the coupling between
the oxygen-gradient response and the resulting popula-
tion drift, but it is a purely phenomenological quantity
in which the underlying microscopic mechanism of aero-
taxis is hidden. Strategies of taxis can be categorized into
two main classes: deterministic and stochastic. In both
strategies the swimming organism measures the attrac-
tant gradient (for small organisms by some temporal filter
[31, 32]). A deterministic strategy, then, is one in which
the organism directly steers towards the attractant, such
as seen in sperm cells that modulate their flagellar beat
to adjust directly the curvature and torsion of its swim-
ming path in the gradient direction [33, 34]. Contrasting
is a stochastic strategy such as bacterial run-and-tumble
locomotion [2], where modulation of the frequency of ran-
dom reorientations biases the motion in the gradient di-
rection without directly steering towards it.
One simple method of taxis results from an organism
swimming faster when it is moving up the gradient, cre-
ating an overall bias towards the attractant. With the
detailed colony-tracking in the present study it is possi-
ble to test whether this mechanism is in operation with
S. rosetta. Figure 6 shows the evolution of the mean
colony swimming speed v (green) as well as the com-
ponent velocities vx (yellow) and vy (purple). For most
times, the component velocities average to zero, but after
a gas channel swap the y-component peaks. The ensem-
ble average swimming speed in these sections, however,
does not show an increase, suggesting that a velocity
modulation is not the method of taxis. To quantify this
further, the inset of Fig. 6 shows the swimming speed in
6(a)
(b)
FIG. 7. Illustration of deterministic and stochastic strategies based on discretised simulations with exaggerated steps. Time
evolves from left to right. Orientations, shown by green arrows, are trying to align to up-motion, θ = pi/2, indicated by red
(oxygen) at the top and blue (nitrogen) at the bottom. (a): Deterministic strategy, described by Eq. (6). Deterministic part
in yellow and stochastic part in purple. The deterministic part is always in the correct direction. (b): Stochastic strategies,
described by Eq. (7). All steps are stochastic, but largest when furthest away from θ = pi/2.
these sections plotted against the alignment to the gra-
dient cˆ vy/v where cˆ = ±1 signifies the direction of the
gradient. The plot shows a very small (∼ 3%) change
in swimming speed going up the gradient. Velocity-
biased taxis can be described by v(t) = v(pˆ) pˆ, where
e.g. v(pˆ) = v (1 + γ pˆ · ∇c/|∇c|), γ being the velocity-
modulation taxis parameter. pˆ, the direction of swim-
ming, is unbiased by the attractant field c and evolves
by rotational diffusion. To obtain a drift velocity ∼ 1/3
of the swimming velocity, as found for S. rosetta in the
previous section, the velocity modulation would have to
be γ = 2/3 for a two-dimensional swimmer and γ = 1 in
three dimensions, much larger than the ∼ 3% observed.
We conclude that the primary mechanism of aerotaxis
in S. rosetta is therefore not a modulation of swimming
speed.
S. rosetta colonies swim along noisy helical paths, and
each colony displays distinct helix parameters [18]. To
perform any kind of statistical angle analysis, we consider
ensemble average quantities: the speed v and rotational
diffusion dr, and assume that helix rotations average out.
To distinguish deterministic and stochastic strategies we
introduce two effective models and in the following con-
sider them in the context of a constant oxygen gradient
along the y-axis, but the generalization is immediate. We
furthermore ignore translational diffusion due to ther-
mal noise, since this contribution is orders of magnitude
smaller than that of active diffusion. Thus in a quasi-2D
system, an organism’s path is described by
dx =
(
cos θ(t)
sin θ(t)
)
v dt, (5)
where θ is the instantaneous swimming direction, and we
choose motion along the positive y-axis (θ = pi/2) to be
toward the attractant.
In the deterministic model, the organisms actively
steer towards the gradient. We model this with the
Langevin equation
dθ = d cos θ dt+
√
2dr dW (t), (6)
where W (t) is a Wiener process for which
〈dW (t) dW (t′)〉 = δ(t − t′). This process is illus-
trated in Fig. 7a, yellow arrows showing d cos θ∆t and
purple arrows
√
2dr ∆W . For the stochastic model we
take a ‘continuous’ version of run-and-tumble, in which
the rotational diffusion is modulated
dθ =
√
2dr(1− s sin θ) dW (t), (7)
where −1 ≤ s ≤ 1 and the multiplicative noise is inter-
preted in the Ito¯ sense. This process is illustrated in Fig.
7b. In both models,  is an effective ensemble average
response. To compare to the experiments,  should be
replaced by a function coupled to the gas concentration
field through F [c], thus coupling to Eq. (5). The steady
state gradient in the experiment is approximately linear,
and thus as a first approximation Eqs. (6, 7) should de-
scribe the angle statistics in the time between the swap
of gas channels and reaching the opposite side.
In our experiments, after a flip in the oxygen gradient
direction, the colonies reach the opposite wall in a time
comparable to that for oxygen to diffuse across the cham-
ber. Thus, a true steady state is not reached, but dur-
ing the intermediate times a steady state approximation
is accurate. Solving the Fokker-Planck equations corre-
sponding to the systems Eq. (6) and (7) in steady-state,
we obtain theoretical angle distributions (see Methods).
Figure 8a shows the angular distribution data, where, for
the purposes of displaying all the data in a single graph,
we have let θ → −θ for times when the oxygen gradient
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FIG. 8. Angle statistics. Deterministic model in green and
stochastic in purple. (a) Distribution of θ. θ = pi/2 is
along the gradient. (b) Change in angle ∆φ for ∆t = 0.65
s. Positive change corresponds to a turn towards the gradi-
ent. Deterministic parameters: d = 0.28 s
−1, dr = 0.52 s−1.
Stochastic parameters: s = 0.55, dr = 0.33 s
−1.
were pointing down. Both models are able to describe
the data well, with the deterministic model (purple) fit-
ting the down-gradient swimming best, and the stochas-
tic model (green) fitting the up-gradient swimming best.
Both fits involve a single parameter, kd = d/
√
2dr in the
deterministic model and s in the stochastic one.
We now move beyond steady-state distributions to ex-
amine the detailed statistics of the trajectories them-
selves, and define the angle turned by a colony in a time
∆t as ∆φ = |θ(t + ∆t) − pi/2| − |θ(t) − pi/2| such that
it is positive if the turn is in the direction of the gradi-
ent and negative otherwise, and choose ∆t low enough
that −pi < ∆φ < pi. The equations (6) and (7) imply
distributions of ∆φ (see Methods). Figure 8b shows the
best fit of both models to the data. For the stochas-
tic model (green) s is known and the fit is in dr and
matches well. The deterministic (purple) is constrained
by kd = d/
√
2dr, and the fit can be done in dr as well.
We see clearly that the deterministic model does not pro-
vide a satisfactory fit to the data. In detail, the value of
d needed to fit the data in Fig. 8a shifts the mean of
pd(∆φ) in the positive direction. This result persists with
any amount of smoothing applied to the data, averaging
out active rotations. We thus conclude that the colonies
navigate by a stochastic strategy, and that the ensemble
angle statistics can be captured by this simple model.
The population dynamics must be consistent with the
above strategy model. Having shown that the data favor
a stochastic model, we may now couple Eq. (7) to Eq.
(5) and let the Fokker-Planck equation (Methods) replace
the Keller-Segel model. Such an approach leads to similar
results as Fig. 3d. Furthermore, we now recognize that
the Keller-Segel model is a quasi-stationary approxima-
tion and we can calculate the stationary-approximation
drift velocity
vdrift = v 〈sin θ〉 = v
[
1/s −
√
1/s2 − 1
]
. (8)
In other words s = (2 v vdrift)/(v
2 + v2drift) is the ratio
of the squared geometric mean to the quadratic mean of
the average and drift velocities. For the fitted s = 0.55,
vdrift ≈ 0.3 v ≈ 5µm/s, consistent with the fitted value
in the Keller-Segel model.
DISCUSSION
The experimental observation that choanoflagellates
are aerotactic raises of number of questions. One con-
cerns the actual sensing mechanism. In certain aerotactic
bacteria, it is known that oxygen is sensed not directly,
but indirectly via energy-sensing [9]. In animals, oxygen
levels can be sensed by the hypoxia-inducible transcrip-
tion factor pathway, which is a highly conserved path-
way extending all the way back to Trichoplax adhaerens
[35]. The question of which mechanism allows aerotaxis
in choanoflagellates reimains open.
We have shown that in spatio-temporal varying envi-
ronments, consideration of population dynamics can dis-
tinguish between linear- and logarithmic-sensing mecha-
nisms. The fact that such conclusions can be made from
population dynamics alone allows similar analysis to be
done in dense populations, where long individual track-
ing is not possible. This is a clear advantage of applying
models of the Keller-Segel type directly to experimen-
tal data. By logarithmic sensing, what is meant here is
that there is a logarithmic component somewhere in the
sensing-signalling cascade. It could be at the sensing,
signalling, or response stage. In any case, logarithmic
sensing is a key attribute for survival: it allows sensing
of and reacting to gradients in very low concentration en-
vironments, while still being able to effectively navigate
along large gradients.
We have described the stochastic strategy of S. rosetta
in terms of an effective model. The effective bias parame-
ter s is the result of flagella modulation. Flagella can be
imaged on colonies stuck to the microscope slide [18], but
measuring directly the flagella modulation is infeasible,
since the oxygen changes that can be induced in a mi-
crofluidic device are on a time scale of minutes, whereas
the flagella beating is on a time scale of tens of millisec-
onds [18]. The swimming trajectories suggest that this
modulation is a mixture of many types, ranging from
slow to vigorous, as also seen in other organisms [34],
but direct imaging is needed to make more quantitative
statements.
Finally, we note that sponges, the earliest animal and
the closest animal relative to choanoflagellates, were re-
cently shown to have very low oxygen requirements, dis-
puting the claim of oxygen as the trigger of animal evolu-
tion [10, 36]. Our results add to this discussion, in show-
ing that their evolutionary precursors, the choanoflagel-
lates, have evolved to navigate actively towards oxygen.
8MATERIALS AND METHODS
Culturing S. rosetta
S. rosetta were cultured polyxenicly in artificial seawa-
ter (36.5 g/L Marin Salts (Tropic Marin, Germany)) with
organic enrichment (4 g/L Proteose Peptone (Sigma-
Aldrich, USA), 0.8 g/L Yeast Extract (Fluka Bio-
chemika)) at 15 µl/mL, and grown at 23◦C, split weekly.
Cultures were centrifuged to reach the high concentra-
tions, ∼ 5× 106 ml−1, used in experiments.
Microfluidic Device
Microfluidic devices were manufactured using standard
soft-lithography techniques. The master was produced
by spinning SU8-2075 (MicroChem, USA) at 1200 rpm to
a thickness of ∼ 115µm. Chambers were cast in PDMS,
Sylgard 184 (Dow Corning, USA), and plasma etched to
the glass slides. Cultures were concentrated by centrifu-
gation before loaded into the device and two gas cylinders
were connected via a system of valves to the gas channels
of the device. Experiments were filmed in bright field at
10 fps.
Data processing
Colonies were tracked using custom in-house software.
Density distributions were estimated by first calculating
η(y) =
∑
i exp(−(yi − y)2/2σ2)∫ y1
y0
exp(−(y′ − y)2/2σ2) dy′ , (9)
where yi are the tracked positions, σ a standard deviation
of separation, and the denominator adjusts for boundary
effects. Hereafter ρ(y) = η(y)/
∫ y1
y0
η(y′) dy′ is the nor-
malized density. For velocity and angle statistics, the
tracked positions were linked by proximity.
Oxygen diffusion and Keller-Segel equations were nu-
merically solved using in-house software with finite dif-
ference spatial discretisation and implicit time-stepping.
Effective stochastic models
Given the stochastic dynamics (6) for individual par-
ticles following a deterministic strategy, the probability
distribution function pd(θ, t) for the population obeys the
Fokker-Planck equation
∂pd
∂t
= dr
∂2pd
∂θ2
− d ∂
∂θ
(cos(θ) pd) . (10)
The steady state distribution is found to be a von-Mises
distribution
pd(θ) =
1
2pi I0(d/
√
2dr)
exp
(
d sin θ√
2dr
)
, (11)
where I0 is the modified Bessel function of order zero.
On the other hand, for the Fokker-Planck equation for
the stochastic model,
∂ps
∂t
=
∂2
∂θ2
(dr(1− s sin θ) ps) , (12)
we find the steady-state distribution
ps(θ) =
1
2pi
√
1− s2
1− s sin θ . (13)
In the time right before a channel swap, we have
p(θ) ≈ 1/2pi, since the colonies stay near the wall. In
the deterministic model, for small ∆t, ∆φ = |θ(t +
∆t) − pi/2| − |θ(t) − pi/2| is composed of deterministic
δ = d cos(θ)∆t and stochastic ξ =
√
2dr∆W , where
∆W ∼ √∆t. Since we are assuming p(θ) = 1/2pi, we
have p(δ) = 1/pi
√
(d∆t)2 − δ2 for δ ∈ [−d∆t; d∆t].
The distribution of ∆φ = |δ| + ξ is then found as the
convolution
pd(∆φ) =
∫ d∆t
0
exp(−(∆φ− δ)2/4dr∆t)√
pi3dr∆t [(d∆t)2 − δ2]
dδ, (14)
which can be evaluated numerically by Gaussian quadra-
ture. In the stochastic model there is only ξ =√
2dr(1− s sin θ)∆W , but this is conditional on θ. We
marginalize for the final distribution
ps(∆φ) =
∫ pi
−pi
exp(−∆φ2/4dr(1− s sin θ)∆t)√
16pi3dr(1− s sin θ)∆t
dθ. (15)
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FIG. 3. Supplement. Seperate aerotaxis experiment. (a) Density evolution of S. rosetta during experiment [colorbar
units in µm−1]. Ncolonies ∼ 60, concentration ∼ 2 · 106 mL−1. (b) Keller-Segel model with linear concentration input
F [c] = vdrift tanh(α cy), with α = 8.2, and otherwise same parameters as in main text Fig. 3. (c) Keller-Segel model with
log concentration input, same parameters as in main text Fig. 3. Experiment and simulation was started in steady-state
configuration of oxygen down and nitrogen up.
